Abstract The multi-fluids mixer patented by can be utilized as a twin-fluid atomizer, in which liquid atomization is implemented by supplying compressed gas into a mixing chamber, and water is sucked automatically due to a vacuum pressure induced by an orifice. A series of experiments were conducted to study the effects of the geometries (i.e., size of atomizer, orifice shape) on spray performance. From a comparative analysis of the experiments, the effects of the geometrical parameters on spray characteristics, such as mist generation rate, atomization efficiency, Sauter mean diameter of atomized water droplets, etc., were clarified. Finally, the CO2 elimination capacity of the mist sprayed by the atomizer with the optimum specification was tested in a closed room with different spray time and different methods. The results showed that, the maximum capacity of CO2 elimination was obtained by spraying mist for 5 minutes with a PET propeller, and the CO2 concentration could be reduced from 1000 ppm to 800 ppm.
Introduction
During the past decade there has been a tremendous expansion of interest in the science and technology of atomization, which has now developed into a major international and interdisciplinary field of research. Atomization may be achieved in various ways and by various kinds of atomizers. Lefebvre [1] classified the existed atomizers as pressure atomizer, rotary, air assist, airblast, ultrasonic, electrostatic, etc. Among these atomizers, air assist and airblast atomizers are twin-fluid atomizers. Most twin-fluid atomizers employ the kinetic energy of a flowing air-stream to shatter a liquid jet or sheet into ligaments and then drops [2] . Sovani et al. [3] stated that the twin-fluid atomizers have many advantages over other types of atomizers, since they require lower pump pressures and produce a finer spray.
The spray characteristics of twin-fluid atomizers such as the penetration of the resulting spray, drop density, drop size distributions as functions of time and space, etc. are markedly affected by the internal geometry of the atomizer. Nguyen and Rhodes [4] found that the length and the diameter of the mixing chamber have a little effect on atomization if the respective dimensions range 20 to 45 mm and 1.7 to 2.3 mm. However, Kushari [5] showed that droplet size decreases with the increase of mixing chamber length. Both Ferreira et al.'s [6] and Kushari's [5] results showed that the ratio of the exit orifice area to the air injection area influences spray mean drop size in internal mixing twin-fluid atomizers, the same with effervescent atomizers [7] . Shafaee [8] et al. found that, increasing of the mixing chamber length causes a little decrease in spray cone angle. Elshanawany & Lefebvre [9] conducted a series of experiments for an airblast atomizer and concluded that, spray quality deteriorates with increase in atomizer scale, such that the mean drop diameter increases with approximately the 0.43 power of the atomizer linear dimension.
Fig. 1
Sadatomi & Kawahara's multi-fluids mixer [10] applicable to mist generation.
By considering the atomization mechanism and geometrical factors of twin-fluid atomizers mentioned above, Sadatomi & Kawahara patented a multi-fluids mixer [10] , which can generate mists [11] , micro bubbles [12] and so on with large flow rate and with low power consumption. In the mist generation, the multi-fluid mixer is categorized as the twin-fluid atomizer, and has an orifice and a fiber porous pipe as illustrated in Fig. 1 . This atomizer is composed of six parts: main body, water suction pipe, inlet, orifice, porous pipe, and mixing chamber. All these parts are easy to manufacture because of its simple structure, e.g., the inlet, the mixing chamber, and the orifice are cut off from a straight cylindrical pipe or a rod and the porous pipe from a commercial porous pipe (MF-I FILTER with 25 µm in porosity, produced by ASAHI FIBER INDUSTORY CO., Japan). The thickness and the suction length of the porous pipe were 1.5 mm and 8 mm, respectively, while the inner diameter of it depends on the atomizer size as listed in Table 1 . The operating principle of the atomizer is as follows: When compressed air is fed into the inlet, water is sucked automatically into the air-flow through the porous pipe by a vacuum pressure arising just behind the orifice, thus no water power is necessary for the operation. With the increase of air velocity, air and water interacts each other in the mixing chamber, and mist is formed and sprayed out. Thus, very small droplets (about 80% of their diameters are less than 20 µm) can be generated with lower power consumption [11] .
As mentioned before, the spray characteristics are strongly affected by atomizer size and geometries, so this study focuses on studying the influence of geometrical parameters on the spray characteristics of the twin-fluid atomizer. In the experiments, atomizers in different sizes and orifices in different shapes were tested. From the comparative analysis of water suction performance (liquid atomization rate, Sauter mean diameter of droplets (d32), atomization efficiency, etc.), the factors influencing the spray characteristics are clarified and the optimum geometries of the atomizer are determined.
The reduction of the greenhouse gases caused by the anthropogenic emissions is our great concern. The gas includes carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and chlorofluorocarbons (CFCs) [13] . Among these, CO2 is the most important one because it accounts for over 50% of the total radiative forcing of the greenhouse gases [14] . There have been four means developed for the reduction of CO2: absorption, adsorption [15] , membrane diffusion and cryogenic separation [16] . In addition, Feron and Hendriks [17] classified seven kinds of the CO2 capture technologies: membrane, adsorption, absorption, cryogenic, carbon extraction, biotechnology, energy conversion.
From the above technologies, our concern is the absorption of CO2 by the atomized liquid droplets, the mist, in the present study. In the experiment, different spray time and different spray methods are tested, and CO2 absorption capacity by the mist is presented and maximized.
Experimental setup and methods

Apparatus for hydraulic performance test
The experimental apparatus for the hydraulic performance test is described in Fig. 2 . Two lines are connected to the Sadatomi & Kawahara's atomizer; the red line in the figure supplied compressed air from an air compressor, and the blue line sucked water from a water tank. The level of water surface in the tank was the same as that of the water suction port of the atomizer to eliminate the influence of the level difference. Two more fine lines are connected to an air flow rate sensor and a pressure sensor. The output signals from the respective sensors were acquired by a personal computer via an A/D converter. Table 1 lists the three test atomizers with different size but with similar proportion. L, M and S in the atomizer name respectively mean the large, the middle and the small size, and O is the circular orifice without notches in the left of Fig. 3 . The numerical number following by O is the diameter of the orifice. The orifice, the mixing chamber and the porous diameters of LO13.8 and MO9.16 were three times and twice of those of SO4.58.
Geometries of the atomizer
The opening area ratio of the orifice to the pipe,   , is defined as: The three test atomizers had the same area ratio of the orifice of 0.429, since the area ratio of 0.429 showed the largest liquid flow rate and the smallest droplets mean diameter in our previous study [18] . By comparing experimental data by these three atomizers, the effects of the atomizer size must be clarified.
Regarding the effects of the orifice geometry, Aly et al. [19] experimentally studied fractal-shaped orifices in a pipe flow and showed that the orifices in fractal geometries generate various velocity scales including more mixing and causing the flow to form a series of jets, which improves the pressure recover and decreases the absolute pressure drop. Similarly, Shakouchi et al. [20] studied turbulent free jet flows discharged from a orifice with four or eight 60 degree small notches, and reported that the notches reduced the pneumatic power needed to discharge the jet. In addition, they reported that the notches increased turbulent intensity about 21 % from a circular orifice without notches, and thus effective for promoting mixing between the jet and surrounding air. From the above two studies on single-phase turbulent jet flows, it is expected for the atomizer that more disturbances in the mixing chamber may cause more mixing between air and water, resulting in finer droplet spray. Thus, as shown in Fig. 3 , two types of orifices with four and eight 60 degree small notches were also tested in the small sized atomizer, SO-4.58, and a comparison among an ordinary circular orifice and the fractal-shaped orifices with the same flow area was made to clarify the effects of orifice geometries on spray characteristics. 
Facility for CO2 absorption
Study of CO2 absorption capacity by mist has been conducted by establishing a room as shown in A plastic perforated plate with removable film is emplaced above the atomizer to divide the room into two parts, called CO2 room and mist room, respectively. The CO2 room is used to store CO2 source, and the mist room is to test the CO2 absorption effect. Two carbon dioxide concentration sensors are placed in the CO2 room and the bottom of the mist room, respectively. The experimental procedure of CO2 absorption is as follows:
(1) Set both the CO2 balloon, preliminary filled with 1.5 l carbon dioxide, and the film to cover the perforated plate in the CO2 room;
(2) Spray the mist for 5 minutes into the mist room; (3) After stopping the spray, release the CO2 from the balloon in the CO2 room; (4) After the full spread of CO2 in the CO2 room, 20 seconds after the release of CO2, remove the film for the air with CO2 to go down from CO2 room to mist room; (5) Collect the data of CO2 concentration every 4 seconds, for 10 minutes in the mist room; (6) Analyse the data.
Results and discussion
The experimental results were shown and discussed in the following steps: (1) Influence of atomizer sizes on spray performance; (2) Influence of orifice geometry with and without notches on spray characteristics; (3) 5 shows the air pressure, pG1, at the inlet of the atomizer for the three sizes of atomizers against the mean air velocity, vG1, at the inlet. For all the three sized atomizers, the higher air velocity the higher air pressure at the inlet, but the trend of the data is the same. At an assigned gas pressure, the highest air velocity can be obtained by the small sized atomizer. Since the droplets diameter is closely related to the relative velocity of air to liquid [1] , Fig. 5 suggests that the smaller sized atomizer is expected to give a higher spray quality at the same inlet gas pressure. Fig. 2 was full opened, against air velocities, vG1. Here, the air velocity was calculated from gas volume flow rate divided by the mixing chamber area, that is vG1 = QG/AD. The ratio of the liquid flow rate to the air velocity, QL/vG1, decreases a little with increasing of air velocities. At the same air velocity, the liquid flow rate becomes larger with the atomizer size, just because the water suction area in the porous pipe increases with the atomizer size. If a comparison is made among the three atomizers at the same air velocity, say, at 100 m/s, the liquid flow rates are respectively 0.94 l/min, 0.78 l/min and 0.56 l/min, which are not proportional to the atomizer size, since the large and the middle size atomizers are three times and twice larger than the small size. This is mainly caused by the higher form or friction loss in the larger sized one than the middle and small size ones. A part of this explanation may be justified in Fig. 5 .
From an economical point of view, atomization efficiency, i.e., mist generation efficiency, is the higher the better, which can be calculated by Eqs. (2) and (3) [21]:
Here, QG1 is the gas volume flow rate at the inlet of the atomizer, and LG is the pneumatic power consumed by the atomizer. In Eq. (3), the velocity of mist is taken to be the same as that of air. 
SO4.58 MO9.16 LO13.8 The atomization efficiency, ηM, for different sized atomizers is compared in Fig. 7 . The atomization efficiency of each atomizer increases with the increasing of pneumatic power consumption, LG. Furthermore, the atomization efficiency of the small sized atomizer is much higher than the other two, which is attributed to relatively larger atomized liquid flow rate at less energy consumption. This indicates that the smaller sized atomizer is efficient and we should use multiple small ones when a large mist flow rate is required. Table 2 compares the droplets diameters between two different sized atomizers. For MO9.16 atomizer, the Sauter mean diameter, d32, and arithmetic mean diameter, d10, of droplets increased with decreasing of GLR, the gas/liquid mass flow rate ratio. When the GLR is similar between MO9.16 and SO4.58, the d32 and d10 of the two sized atomizers are quite similar, that means the drop size is little influenced by the atomizer size. However, Elshanawany and Lefebvre [9] experimentally found a regularity of the prefilming airblast atomizers: except for the influence of gas/liquid flow rate ratio, the Sauter mean diameter of droplets is also influenced by the atomizer size, and it increased according to about 0.43 power of the atomizer size. The reason of the inconsistency of data between the present atomizer and their airblast atomizers is as follows: The drop size for the airblast atomizers depends on the thickness of the pre-filming liquid sheet or the diameter of the ligament. For the present atomizer, however, all the three atomizers employed the same fiber porous with small holes of 25 m in diameter. In consequence, at a fixed gas/liquid flow rate ratio, the drop size for the present atomizer is little influenced by the atomizer size.
Influence of orifice geometries
Three orifices with and without notches but with the same opening area ratio of 0.429 in the small size atomizer were tested, and the results are presented in this section. The influence of the orifice geometries on the liquid flow rates (QL) was plotted in Fig. 8 . The liquid flow rates gradually increases as the gas pressure (pG1) increases for the three orifices, and the fractal orifices (4-Notch and 8-Notch) have a similar feature. The fractal orifices induce lower liquid flow rates than the circular one in all gas pressure conditions. The reason is that the notched orifice induces the expansion of vena contracta, leading to a weaker negative pressure for water suction. In Fig. 10 , the Sauter mean droplets diameters, d32, for the atomizers with different orifice geometries are compared. The data were taken at a fixed air supply rate of QG = 180 l/min, but the liquid suction rate was changed to QL = 0.1 and 0.3 l/min by partially closing the liquid flow control valve. The Sauter mean diameter increases with increasing of the liquid flow rate, since the gas/liquid mass flow rate ratio (GLR) decrease with increasing of the liquid flow rate. In other words, the Sauter mean diameter increases with decreasing of the GLR, as pointed out by many investigators, e.g. [9, 22, 23] . 4-Notch orifice gives the smallest d32 than the other two orifices, irrespective of QL, because the 4-Notch orifice induces more disturbance or mixing in the mixing chamber than others [19] . However, at larger liquid flow rate (i.e. low GLR) condition, 4-Notch and circular orifices take similar d32. This suggests that the notch effects on d32 become small at large liquid flow rate.
In short, fractal geometry of the orifice in the atomizer has a significant influence on the spray characteristics. Among the tested three types, circular orifice shows the largest water suction performance; nevertheless, Sauter mean droplets diameter is the smallest for 4-Notch orifice, independent of liquid flow rate.
CO2 capture effect
Bernstein et al. [24] reported that, at a carbon dioxide concentration of 1000 ppm or more in an indoor atmosphere, the occupants began to display one or more of the classic symptoms of carbon dioxide poisoning, e.g. difficulty in breathing, rapid pulse rate, headache, hearing loss, hyperventilation, sweating and fatigue. From this, we tried to eliminate the indoor CO2 concentration under 1000 ppm by spraying mist. Time variations of CO2 concentration at the bottom of the mist room for different spray conditions are compared in Fig. 11 . When no mist is sprayed in the mist room, the CO2 concentration at the bottom of the mist room gradually rise due to the diffusion of CO2 from the CO2 room, and reached a saturated value of about 1000 ppm at 600 s from the beginning of diffusion. If mist is sprayed for 2.5 minutes in the mist room, the saturated CO2 concentration drops about 50 ppm from that at no mist condition. The drop of 50 ppm is caused by the absorption of CO2 by the droplets sprayed for 2.5 minutes. A longer spray time means more droplets in the mist room; therefore, the saturated values of the CO2 concentration for 5.0 minutes spray drops to 870 ppm, being much lower than that for 2.5 minutes spray. However, the saturated value for 7.5 minutes spray shows a similar value to that for 5.0 minutes spray, thus 5.0 minutes splay is enough in the present CO2 absorption system. Why the saturated values are similar between 5.0 and 7.5 minutes sprays is that there is a sustainable maximum droplets concentration determined from saturation humidity in the mist room. If the humidity reaches to the saturated value, all the droplets fed thereafter by the atomizer fell down to the bottom of the mist room, and its contribution to the CO2 absorption became little.
During the falling down of a droplet, it continuously shrinks and the evaporation rate changes corresponding. In theory, Lefebvre [1] calculated that the square of the droplet diameter decreases linearly with time. Therefore, small drops evaporate more rapidly than large drops. By the evaporation, the humidity in the mist room gradually increases with time and finally reaches to the saturation value. Under the saturation humidity, the droplets sprayed cannot stay in the mist room, thus longer spraying time does not means higher absorption capacity by the droplets. To improve the absorption performance by the mist, we set a 0.5 mm thick light PET (Polyethylene terephthalate) propeller 50 mm below the atomizer exit. The propeller can rotate automatically by the air jet with mist because of small inertia moment [25] , and can expand the spray angle. From the comparison of the spray pictures without and with the propeller seen in Figs. 12 (a) and (b) , the spray angle expansion by the propeller can be confirmed. Fig. 13 shows the experimental results of CO2 capture effects under three conditions: just air without mist (condition 1), air with 5 minutes mist spray (condition 2), and air with 5 minutes mist spray spread by a propeller (condition 3), respectively in the mist room. The ordinate is the concentration of CO2 detected by the CO2 sensor at the bottom of the mist room, while the abscissa is the time after releasing CO2 into the mist room. At the condition 1, the indoor CO2 concentration without the mist increased up to 1000 ppm at 600 s. At the condition 2, the CO2 concentration could be reduced to 880 ppm by CO2 absorption effects of the mist. At the condition 3, the CO2 concentration could be reduced to 800 ppm by CO2 absorption effects by the mist spread by the propeller. This level is little harmful to human health. The mist sprayed by the atomizer with a propeller showed the best CO2 absorption performance. This result can be explained by the studies of Dimiccoli et al. [26] , who proved that the gas absorption performance is influenced by (1) the mean droplets diameter and the cone angle amplitude of the emerging drops system, (2) the mean flight path of the drops, and (3) the average flight time of the drops. For the present atomizer, by use of the propeller, the Sauter mean droplets diameter was decreased from 46.7 m to 25.7 m, the spray angle was expanded from 24º to 111º , and the flight time of the droplets is lengthened because of the decrease in the droplet diameters. All these factors contribute to a better CO2 absorption effect of the mist.
Conclusions
Experiments were conducted to study the spray characteristics affected by the geometries of a twin-fluid atomizer patented by Sadatomi & Kawahara [10] . Some parameters affecting the spray characteristics were tested and analyzed by using three sizes of atomizers in the same proportion, and small sized atomizer with different orifice geometries. Finally, the CO2 absorption capacity of the mist was tested. The results are summarized as follows:
(1) Among the three atomizers with different sizes but the same proportion, a larger sized one gave the largest mist generation rate, but the small sized one gave much higher atomization efficiency than the other two sizes. So in practical applications, it is better to use the small sized one inc. its double or multiple use if necessary from a viewpoint of saving energy.
(2) Among the three orifices with different orifice geometries but with the same opening area ratio of 0.429, the circular orifice gave the highest water suction performance, and the fractal orifice with 4 notches gave the best water disintegration effect, i.e., the finest droplets diameter.
(3) CO2 absorption capacity was studied by changing the spray time in the mist room. 2.5 minutes spray was too short because of a poor CO2 absorption performance, and 5.0 minutes spray and 7.5 minutes spray gave a similar CO2 absorption performance. Thus, 5.0 minutes spray was enough.
(4) A light PET propeller was used to improve the CO2 absorption performance. The mist sprayed by the atomizer can effectively reduce the indoor CO2 concentration to the harmless level of human health, and better absorption effect can be obtained by spreading the mist jet with the light propeller with small inertia moment.
Continuing works are necessary to explore new applications of the developed atomizer, as well as better understanding of current applications.
